The majority of individuals evaluate themselves as superior to average. This is a cognitive bias known as the "superiority illusion." This illusion helps us to have hope for the future and is deep-rooted in the process of human evolution. In this study, we examined the default states of neural and molecular systems that generate this illusion, using resting-state functional MRI and PET. Resting-state functional connectivity between the frontal cortex and striatum regulated by inhibitory dopaminergic neurotransmission determines individual levels of the superiority illusion. Our findings help elucidate how this key aspect of the human mind is biologically determined, and identify potential molecular and neural targets for treatment for depressive realism.
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positive illusion | dorsal anterior cingulate cortex | sensorimotor striatum | behavioral control | hopelessness A s so eloquently stated by Lionel Tiger (1) , "optimism has been central to the process of human evolution" and is important to the welfare of communities, a subjective but discrete process that should be biologically determined. A positive outlook concerning one's own ability, personality, and future is an essential aspect of the human mind. It motivates future goals and helps us prepare for upcoming challenges. Positively evaluating the self, a concept termed the "superiority illusion," involves judging oneself as being superior to average people along various dimensions, such as intelligence, cognitive ability, and possession of desirable traits. This concept contains a well-recognized mathematical flaw, however. Most people are not more desirable than average and do not possess most of the desirable characteristics, assuming a normal distribution of the population (2) . The superiority illusion is one type of positive illusion; other types include optimism bias and illusion of control (3) . Whereas the superiority illusion is specifically about one's own abilities/characteristics, optimism bias involves one's own future, and illusion of control involves personal control over environmental circumstances; all are considered common aspects of unrealistic favorable attitudes toward oneself and promotion for mental health (3). These positive beliefs of the human mind have attracted the attention of a wide range of investigators, including anthropologists, biologists, psychologists, clinicians, and neuroscientists.
Moderately positive illusions are important for mental health (3); negative thoughts about the self are characteristic of depression (4). One study reported that the severity of depressive symptoms is negatively correlated with optimism bias, as measured by self-estimation of one's own possible future events (5) . A recent computational model further suggested that positive illusions are evolutionarily selected (6) . Given that the superiority illusion is a phylogenetically old aspect of human cognition, it can be assumed that the brain has evolved to support it.
A growing number of neuroimaging studies using functional MRI (fMRI) have identified the neural substrates of the self, including self-evaluation. It is reported that relating oneself to positive traits, but not negative traits, is associated with activation of the medial prefrontal cortex (MPFC), both dorsal (DMPFC) and ventral (VMPFC), as well as the supplemental motor area, and anterior cingulate cortex (ACC), both dorsal (dACC) and ventral (7) . Moreover, activation of the dACC and orbitofrontal cortex (OFC) during social-comparative judgments of self-traits is negatively associated with the degree of the superiority illusion (or "above-average effect") (8) . The dACC and OFC have a "topdown" inhibitory controlling effect on other brain regions (9) , and thus also contribute to the suppression of heuristic approaches to positive self-evaluation (8) . Interestingly, depressive patients reportedly exhibit increased ACC activation when attributing negative emotions to themselves (10) .
The MPFC, along with the striatum, compose loops known as fronto-striatal circuits (11) . A meta-analysis of 126 task-based neuroimaging studies reported coactivation between the striatum and the MPFC, including the ACC (12) . In addition, recent advances in functional connectivity (FC) analyses of resting-state fMRI data (13) have provided insight into the brain's intrinsic functional architecture in healthy individuals, as well as psychiatric patients. FC between the striatum and MPFC was observed in the healthy resting brain (14) , whereas patients with depression showed resting-state hyperconnectivity in the ACC, VMPFC, putamen/pallidum, and substantia nigra/ventral tegmental area (15) , the latter an origin of dopaminergic projections, implicating dopaminergic neural circuits in cognitive and affective functions.
A notable neurochemical feature of the striatum is its high density of dopamine D 2 receptors, as the major receiving site of dopaminergic projections from the substantia nigra/ventral tegmental area. Individual differences in striatal D 2 receptor availability have been associated with personality, mood, and psychiatric symptoms. Healthy subjects with lower D 2 receptor availability, presumably due to higher presynaptic dopamine release (16), in the dorsal, but not ventral, striatum had a propensity to rate themselves as highly socially desirable (17) . Self-reported social desirability is negatively associated with subjective hopelessness (18) , as measured by the Beck Hopelessness Scale (BHS) (19) , an index of feelings about the future, expectations, and loss of motivation. In line with these observations, there is evidence that levodopa increases positive expectations for one's future (20) . In addition, increased striatal D 2 receptor availability in patients with depression is related to enhanced inhibition of motor and thought processes (21) , whereas patients with addiction show low D 2 receptor availability in the striatum, associated with impaired inhibitory control of impulsivity (22) , indicating the critical involvement of D 2 receptors in inhibitory processes (23) . This article is a PNAS Direct Submission.
Freely available online through the PNAS open access option. 1 Dopamine neurotransmission has an effect on frontal and striatal activations as well. The administration of D 2 agonists suppresses activity in the prefrontal cortex during cognitive processing (24) , and the D 2 receptor genotype modulates FC strength within the default mode network and the striatum (25) . Taken together, these findings suggest a possible impact of striatal dopaminergic states on resting-state fronto-striatal connectivity.
Based on the aforementioned findings from isolated PET and fMRI studies, we may speculate about the possible interrelationship among MPFC-striatal connectivity, striatal D 2 receptor availability, and the superiority illusion. There is currently no direct conclusive evidence on this issue, however. In the present study, we aimed to clarify these interrelations, using restingstate fMRI and PET measurements, which examine the intrinsic functional and chemical states of the brain, respectively. This approach makes possible the elucidation of the neural mechanisms underlying the superiority illusion by uncovering the potential role of striatal D 2 receptors in modulating interactions between the striatum and frontal cortex.
Results
We first examined the relationship between scores on the superiority illusion task and BHS, which has been related positively to depression symptom severity (18) . The majority of subjects exhibited low to mild hopelessness (median, 4.0; range, 2.0-6.0) ( Fig. 1A ) and a moderate level of the superiority illusion (median, 0.22; range, 0.16-0.335) ( Fig. 1B) . Correlation analysis revealed a negative relationship between these two measures (n = 24; r = −0.60, P = 0.002, Spearman's rank test) (Fig. 1C) . To further characterize the study subjects, we also measured trait anxiety and self-esteem using the State-Trait Anxiety Inventory (26) and Rosenberg Self-Esteem Scale (27) , respectively. Neither of these measures was correlated with the superiority illusion (all P > 0.05) (Table S1 ). These findings suggest that the superiority illusion measures belief, independent of anxiety or self-esteem.
We then looked for resting-state FC in relation to D 2 receptor availability in the dorsal striatum. For this analysis, we divided the dorsal striatum into two functional subdivisions: associative striatum (AST) and sensorimotor striatum (SMST) (Materials and Methods). In these regions, nondisplaceable binding potentials (BP ND ) of a PET imaging agent for D 2 receptor, [ 11 C] raclopride, which represent D 2 receptor availability (Table S2) , were regressed with the resting-state FC for each seed (AST and SMST, bilaterally). Our values for striatal FC (z > 2.3; cluster significance, P < 0.05 corrected; Fig. S1 ) are in accordance with previous reports (14) . The resting-state striatal FC, which was correlated with D 2 BP ND in each region of interest (ROI) by application of a frontal lobe mask, is provided in Fig. S2 and Table S3 (z > 2.3; cluster significance, P < 0.05 corrected).
Finally, we searched the regions correlated with the superiority illusion restricted to D 2 BP ND -correlated striatal FCs in Table S3 with Bonferroni correction separately for each ROI, and then applied path modeling (mediation analysis) to test whether striatal D 2 receptor availability leads to the superiority illusion by modulating striatal FC. We found that the superiority illusion was negatively correlated with FC between the dACC and left SMST (n = 24; r = −0.57, P = 0.0035, Spearman's rank test) ( Fig. 2 ), but not with FCs involving right SMST or the AST. We also tested whether the dACC-striatal FC overlapped with the results obtained when superiority illusion scores were regressed with the resting-state FC for left SMST. We confirmed that the dACC-striatal FC-correlated D 2 BP ND overlapped with the FC-correlated superiority illusion (z > 2.3; cluster significance, P < 0.05 corrected) ( Fig. S3C ). There was no significant correlation between D 2 BP ND in left SMST and the superiority illusion (r = −0.1, P = 0.64).
Mediation analysis based on 5,000 bootstrapped samples using bias-corrected and accelerated 95% confidence intervals (28) showed a significant indirect effect of striatal D 2 BP ND on the superiority illusion through dACC-striatal FC [indirect effect (IE) = −0.18; SE = 0.12; lower limit (LL) = −0.56; upper limit (UL) = −0.045] (Fig. 3) . Because of concerns about two outliers with negative superiority illusion scores (Fig. 1B) , we applied path modeling only for those with positive superiority illusion scores (n = 22). This mediation analysis again confirmed the indirect effect through dACC-striatal FC (IE = −0.10, SE = 0.07; LL = −0.31; UL = −0.02).
Discussion
According to fMRI studies, the SMST plays an important role in motor and cognitive planning, such as action selection in resolving stimulus-response conflict (29) . PET studies have reported a close association of D 2 receptor availability in the SMST with harm avoidance (30) and self-reported social desirability (17) , suggesting that this region subserves these personality-related aspects of thought and behavior. Given that the dorsolateral striatum and its dopaminergic afferents support habitual or reflexive control (31) , the contribution of the SMST to the superior illusion observed in the present study may reflect the habitual control of self-evaluation. Because the dACC is also the controlling site associated with more thoughtful or cognitive control (32) , this region may act to control cognitively the propensity to evaluate oneself positively (8, 33) . These two controllers in the brain are known to be interconnected (34) , and our present findings suggest that they work together to control action selection for positive self-evaluation, which is under dopaminergic modulation.
Dopaminergic modulation of neuronal communication is crucial to normal functioning of brain circuits contributing to thought and behavior (35) . Stimulation of striatal D 2 receptors by dopamine likely suppresses inhibitory control by the frontostriatal circuits over impulsive responding (23) . Assuming an inverse correlation between D 2 receptor availability and presynaptic dopamine release (16) , this would be in agreement with our finding on the positive association of striatal D 2 receptor availability with the fronto-striatal FC. Keep in mind that D 2 receptor availability is also influenced by receptor density. The availability of striatal D 2 receptors reportedly parallels frontal metabolic activity, a marker of brain function. Specifically, reductions in striatal D 2 receptors in drug-addicted subjects who failed to demonstrate inhibitory control of impulsivity were associated with decreased metabolic activity in the OFC, ACC, and DLPFC (22) . In this respect, our present results suggest that dopamine acts on striatal D 2 receptors to attenuate (i.e., suppress) FC between the ACC and striatum, leading to reduced control over the superiority illusion (Fig. 3) .
Although here dopamine is hypothesized to support the superiority illusion mediated through dACC-striatal FC, other molecular systems modulate FCs between striatum and prefrontal areas, including serotonin. Indeed, a recent pharamacologic study found that the antidepressant efficacy of SSRIs modulated the FC between ventral striatum and anteroventral prefrontal cortex, which is associated with the reward system (36) . Networks related to depressive behavior may coexist in different loops between striatum and prefrontal areas, and thus the superiority illusion in particular might be best viewed as the products of larger-scale interactions of different loops and different molecular systems. These intertwined relationships remain to be resolved.
In conclusion, the present study provides the neuromolecular basis for the superiority illusion by demonstrating an interrelationship between dopamine neurotransmission and frontostriatal FC. Given that the superiority illusion is negatively related to self-reported hopelessness (Fig. 1C) , possession of this illusion is important to mental health, promoting positive hope for the future. Understanding the neural and molecular mechanisms behind the superiority illusion is critical for understanding the nature of the human mind and the pathophysiology of psychiatric disorders. The present experimental paradigm will also be applicable to patients with depression, for examining how depressive realism is related to the proposed neuromolecular mechanisms, as well as to pharmacologic intervention targeting dopaminergic modulation of the superiority illusion via frontostriatal FC.
Materials and Methods
Subjects. Twenty-four right-handed healthy male subjects (mean age, 23.5 ± 4.4 years) participated in the study. All subjects had normal or corrected vision, had no history of neurologic or psychiatric disorders, and were not taking any medications that could interfere with task performance or with PET data. The study was approved by the Ethics and Radiation Safety Committee of the National Institute of Radiological Sciences.
Procedures. Each subject underwent both resting-state fMRI and PET scanning. Outside the scanner, each subject completed the superiority illusion task on a personal computer, as well as the BHS (19), State-Trait Anxiety Inventory (26) , and Rosenberg Self-Esteem Scale (27) . Behavioral Procedures. Stimuli and Task. Sixty personality words obtained from Rosenberg et al. (37) were translated into Japanese. Pilot subjects (n = 14) rated social desirability for each word using a seven-point scale of −3 (very bad) to +3 (very good). The one-sample t test was applied to each word to test the significance of social desirability (better or worse). Based on statistical analyses, 52 significant words (all P < 0.005) were divided into good or bad personality traits (26 words for each category) for use in the experiment (Table S4 ). In the experiment outside the scanner, subjects were asked to rate how they compared themselves with the average peer on these personality traits using a visual analog scale (with scores raging from 0, below average, to 100, above average, with 50 = average). Each trial began with a fixation cross on a screen, followed by a trait word.
Analysis. To obtain the magnitude of the superiority illusion (mean deviation from average) for each subject, ratings for negative traits were reverse-scored to collapse with ratings of positive traits. The mean deviation was obtained as a ratio for each subject and was used for correlation analyses with questionnaires and FC data, using Spearman's rank tests in SPSS. PET Procedures. Data Acquisition. All PET studies were performed with a Shimadzu SET-3000GCT/X machine (38) , which provides 99 sections with an axial field of view of 26 cm. The intrinsic spatial resolution was 3.4 mm in plane and 5.0 mm FWHM axially. With a Gaussian filter (cutoff frequency, 0.3 cycle/ pixel), the reconstructed in-plane resolution was 7.5 mm FWHM. Data were acquired in 3D mode. Scatter correction was provided using a hybrid scatter correction method based on acquisition with a dual-energy window setting (39) . A 4-min transmission scan using a 137Cs line source was performed for correction of attenuation. For evaluation of striatal D 2 receptors, a bolus of 223.4 ± 12.7 MBq of [ 11 C]raclopride with high specific radioactivity (195.8 ± 72.8 GBq/umol) was injected i.v. from the antecubital vein with a 20-mL saline flush. Dynamic scans were performed for 60 min for [ 11 C]raclopride and for 60 min immediately after the injection.
ROIs. Four ROIs were selected based on the anatomic and functional subdivisions of the striatum outlined by Mawlawi et al. (40) . Each ROI was traced manually on MNI152 space in the left and right AST (precommisural dorsal cudate, precommisural dorsal putamen, and postcommisural caudate), and left and right SMST (postcommisural putamen).
Data Analysis. Quantitative analysis was performed using the three-parameter simplified reference tissue model (41) . The cerebellum was used as a reference region because it has been shown to be almost devoid of D 2 receptors (42) . The model provides an estimation of BP ND (43) , which is defined by the following equation: BP ND = k3/k4 = f2 B max /{K d [1+Σi Fi/Kdi]}, where k3 and k4 describe the bidirectional exchange of tracer between the free compartment and the compartment representing specific binding, f2 is the "free fraction" of nonspecifically bound radioligand in brain, B max is the receptor density, K d is the equilibrium dissociation constant for the radioligand, and Fi and Kdi are the free concentration and dissociation constant of competing ligands, respectively (41) . Tissue concentrations of the radioactivities of [ 11 C]raclopride were obtained from ROIs defined on PET images of summated activity for 60 min, with reference to the individual MRIs coregistered on summated PET images and the brain atlas. fMRI Procedures. Data Acquisition. Resting-state functional imaging was performed with a GE 3.0-T Excite system to acquire gradient echo T2*-weighted echoplanar images with blood oxygenation level-dependent contrast. Each volume comprised 35 transaxial contiguous slices with a slice thickness of 3.8 mm to cover almost the whole brain (flip angle, 75°; echo time, 25 ms; repetition time, 2,000 ms; matrix, 64 × 64; field of view, 24 × 24 cm; duration, 6 min, 56 s). During scanning, subjects were instructed to rest with their eyes open. A high-resolution T1-weighted magnetization-prepared gradient echo sequence (124 contiguous axial slices; 3D spoiled-GRASS sequence; slice thickness, 1.5 mm; flip angle, 30°; echo time, 9 ms; repetition time, 22 ms; matrix, 256 × 192; field of view, 25 × 25 cm) was also collected for spatial normalization and localization.
Preprocessing. Data processing was performed using scripts provided by the 1,000 Functional Connectomes Project (www.nitrc.org/projects/fcon_1000). Preprocessing comprised slice time correction, 3D motion correction, temporal despiking, spatial smoothing (FWHM = 6 mm), mean-based intensity normalization, temporal bandpass filtering (0.009-0.1 Hz), linear and quadratic detrending, and nuisance signal removal (white matter, cerebrospinal fluid, global signal, motion parameters) via multiple regression. Registration of each subject's high-resolution anatomic image to a common stereotaxic space (Montreal Neurological Institute 152-brain template, MNI152; 3 × 3 × 3 mm 3 spatial resolution) was accomplished by two-step process, estimation of a 12-df linear affine transformation, followed by refinement of the registration using nonlinear registration, which was then applied to each subject's functional dataset (44) .
ROI and Seed Selection. The four ROIs (left and right AST and left and right SMST) served as seeds for resting-state FC analyses. They were applied to each subject's prewhitened 4D residuals, and a mean time series was calculated for each seed by averaging across all voxels within the seed.
Seed-Based FC Analyses. Each subject's 4D residual volume was spatially normalized by applying the previously computed transformation to MNI152 3-mm standard space. Then the mean time series for each seed was determined by averaging across all voxels in each seed ROI. Using these mean time series, a correlation analysis for each subject and each ROI was performed using the AFNI program 3dfim+, carried out in each individual's native space. This analysis produced subject-level correlation maps of all voxels in the brain that were positively correlated with the seed time series. Finally, these correlation maps were converted to z-value maps using Fisher r-to-z transformation onto MNI152 3-mm standard space.
Group-Level Analyses. Group-level analyses for each seed ROI were carried out using a mixed-effects model (FLAME) implemented in FSL flameo. In addition to the group mean vector, the model included demeaned BP ND values and ages. Cluster-based statistical correction for multiple comparisons was performed using Gaussian random field theory (z > 2.3; cluster significance, P < 0.05 corrected). Given this study's focus on the FC between frontal and striatum regions, we limited our analysis within the frontal lobe creating a frontal lobe mask by combining the frontal areas in the AAL atlas. This group-level analysis produced the thresholded Z-statistic map of voxels whose correlation with the seed ROI exhibited significant variation in association with the BP ND values (i.e., frontal regions in which connectivity with the seed region was predicted by the level of striatal dopamine D 2 receptor availability).
We then tested whether the observed interactions between striatal FCs and the BP ND values were related to individual measures of the superiority illusion. We performed correlation analyses between striatal FCs correlated with the BP ND and superiority illusion scores, with Bonferroni correction for multiple comparisons separately for each ROI. To verify the findings obtained, we performed cluster-based statistical analysis using Gaussian random field theory within the frontal lobe, including demeaned superiority illusion scores in the model (z > 2.3; cluster significance, P < 0.05 corrected). Finally, we tested the indirect effect of BP ND on the superiority illusion through striatal FCs using path modeling (mediation analysis), which was estimated based on 5,000 bootstrapped samples using bias-corrected and accelerated 95% confidence intervals (28) , with D 2 receptor availability as an independent variable, the superiority illusion as a dependent variable, and FC as a mediator.
